. Proteome-wide muscle protein fractional synthesis rates predict muscle mass gain in response to a selective androgen receptor modulator in rats. Am J Physiol Endocrinol Metab 310: E405-E417, 2016. First published December 29, 2015 doi:10.1152/ajpendo.00257.2015.-Biomarkers of muscle protein synthesis rate could provide early data demonstrating anabolic efficacy for treating muscle-wasting conditions. Androgenic therapies have been shown to increase muscle mass primarily by increasing the rate of muscle protein synthesis. We hypothesized that the synthesis rate of large numbers of individual muscle proteins could serve as early response biomarkers and potentially treatment-specific signaling for predicting the effect of anabolic treatments on muscle mass. Utilizing selective androgen receptor modulator (SARM) treatment in the ovariectomized (OVX) rat, we applied an unbiased, dynamic proteomics approach to measure the fractional synthesis rates (FSR) of 167-201 individual skeletal muscle proteins in triceps, EDL, and soleus. OVX rats treated with a SARM molecule (GSK212A at 0.1, 0.3, or 1 mg/kg) for 10 or 28 days showed significant, dose-related increases in body weight, lean body mass, and individual triceps but not EDL or soleus weights. Thirty-four out of the 94 proteins measured from the triceps of all rats exhibited a significant, dose-related increase in FSR after 10 days of SARM treatment. For several cytoplasmic proteins, including carbonic anhydrase 3, creatine kinase M-type (CK-M), pyruvate kinase, and aldolase-A, a change in 10-day FSR was strongly correlated (r 2 ϭ 0.90 -0.99) to the 28-day change in lean body mass and triceps weight gains, suggesting a noninvasive measurement of SARM effects. In summary, FSR of multiple muscle proteins measured by dynamics of moderate-to high-abundance proteins provides early biomarkers of the anabolic response of skeletal muscle to SARM. fractional synthesis rate; protein synthesis; selective androgen receptor modulator; skeletal muscle; anabolism; dynamic proteomics; stable isotope; biomarkers of muscle anabolism LOSS OF SKELETAL MUSCLE MASS with age (sarcopenia) or chronic disease (cachexia) is associated with reduced functional capacity, disability, and increased mortality (8). Androgen receptor (AR) stimulation via testosterone or other anabolic steroids is an established intervention for increasing muscle mass, strength, and functional performance in a dose-responsive way in many clinical settings (3, 15). Selective androgen receptor modulators (SARMs) represent a promising class of smallmolecule therapeutics for stimulating muscle anabolism through AR activation. SARM molecules have been under development for decades, and several compounds have proven to be effective at increasing muscle mass in several animal models and in humans (2, 16, 31) .
LOSS OF SKELETAL MUSCLE MASS with age (sarcopenia) or chronic disease (cachexia) is associated with reduced functional capacity, disability, and increased mortality (8) . Androgen receptor (AR) stimulation via testosterone or other anabolic steroids is an established intervention for increasing muscle mass, strength, and functional performance in a dose-responsive way in many clinical settings (3, 15) . Selective androgen receptor modulators (SARMs) represent a promising class of smallmolecule therapeutics for stimulating muscle anabolism through AR activation. SARM molecules have been under development for decades, and several compounds have proven to be effective at increasing muscle mass in several animal models and in humans (2, 16, 31) .
AR stimulation increases muscle mass primarily by increasing the synthesis rates of muscle proteins (10, 11) . Changes in muscle mass or function that may result from an anabolic agent are also related to a number of additional factors, including nutritional status, physical activity, exercise drive, and reduced comorbidities (1) . However, assessing changes in lean body mass and/or muscle function following treatment with an anabolic stimulus requires relatively large and extended clinical studies. These barriers can make developing effective pharmacological therapies for muscle-wasting syndromes such as SARM challenging and resource intensive. Accordingly, identifying clinical biomarkers that predict early subsequent gains in lean mass and functional performance following shortterm treatment could provide strong proof of concept and important guidance. Reduced risk of a failed longer-term clinical trial would be one obvious advantage if early response biomarkers were available for testing these promising therapies.
Testosterone has previously been shown to increase muscle fractional synthesis rates (FSRs) in men (24) and in women (30) . However, these studies have typically employed a primed constant infusion of stable isotope-labeled amino acids coupled with muscle biopsies collected over a short period to measure the FSR of mixed-muscle proteins rather than the FSR for individual proteins (9, 17, 29) . Also, to avoid confounding results due to the effects of dietary protein, many clinical studies using this method have been performed in the fasted state, a period when the rate of muscle protein synthesis is at its nadir. In addition, this method has limitations with regard to the measurement of FSR of slow-turnover muscle proteins. Because skeletal muscle comprises proteins with a long and short half-life, and that respond differently over the circadian cycle of fasting and feeding, exercise and rest, etc., a mean FSR value measured over a short time does not capture the integrated effects of diet, diurnal changes in hormones levels, physical activity, and more on individual myofibrillar, sarcoplasmic, or mitochondrial proteins (5) . Accordingly, previous FSR measurement approaches suffered from two key limitations: short time period (not capturing integrated rates over a longer period of time) and averaged response from multiple proteins (not capturing information from individual proteins).
The use of heavy water ( 2 H 2 O) to measure protein synthetic rate potentially provides a solution for both of these problems. Ingestion of 2 H 2 O does not require infusion of stable-label amino acids (5) and results in the incorporation of 2 H into nonessential amino acids and then subsequently newly synthesized proteins. 2 H labeling of proteins can be analyzed by a variety of methods, including isotope ratio mass spectrometry, nuclear magnetic resonance (NMR), and gas chromatography or liquid chromatography (LC)-mass spectrometry (MS). Recently, we (20, 21) combined this technique with a proteomics approach to measure FSR of large numbers of individual proteins concurrently to measure proteome-wide dynamics in humans and in preclinical studies.
Heavy water labeling offers greater flexibility in experimental design because animals or humans can be labeled by simply added 2 H 2 O to their normal daily intake of drinking water. Enrichment of the total body water pool can be determined using plasma or saliva. Also, because all nonessential amino acids are labeled, newly synthesized proteins are labeled in multiple locations, allowing greater coverage of individual proteins that are digested into smaller peptides, analyzed by LC-MS/MS and identified via traditional proteomic techniques. Therefore, depending on the various sample fractionation and enrichment strategies (HPLC, gel fractionation, immunoprecipitation, etc.), the FSR for hundreds of individually identified proteins can be measured simultaneously. Another significant advantage is that muscle protein FSR can be assessed over an extended period of time, allowing for a more integrated view of disease progression or response to a therapy.
Several SARM compounds, along with the anabolic steroid dihydrotestosterone, have previously exhibited potent anabolic effects on both skeletal muscle and bone in the ovariectomized (OVX) rat model (9, 11, 12) . In the present study, we administered a novel SARM compound (GSK2661212A) to OVX rats for 10 or 28 days to evaluate the dynamic proteomic signature for comparison to gains in both lean body mass and weights of individual muscles [triceps, extensor digitorum longus (EDL), and soleus]. In addition, we evaluated the effects of SARM treatment on the FSR of serum creatine kinase M-type (CK-M), a circulatory protein synthesized predominantly in skeletal muscle. We investigated the following hypotheses: 1) SARM treatment of OVX rats induces a dosedependent increase in FSR of proteins across the skeletal muscle proteome that is detectable by dynamic proteomic measurements; 2) the FSR signature of individual muscle proteins measured early after SARM treatment predicts later gains in whole body lean mass and specific muscle weights; 3) gains of specific skeletal muscle weights differ in response to SARM treatment, and these differences are reflected in different proteome dynamic responses of these muscles; and 4) the effect of SARM on skeletal muscle protein synthesis can be detected through measurement of the FSR of muscle-derived CK-M in serum.
MATERIALS AND METHODS

Animals.
Female ovarectomized Sprague-Dawley rats ϳ2 mo of age (Taconic) were acclimatized for 1 mo prior to study initiation and provided standard rat chow and drinking water ad libitum. All studies were conducted after review by the GlaxoSmithKline Institutional Animal Care and Use Committee and in accordance with the GlaxoSmithKline Policy on the Care, Welfare, and Treatment of Laboratory Animals. An overview of the study design is shown in Fig. 1 .
SARM compound treatment. A novel SARM compound (GSK2661212A, abbreviated as GSK212A), which has high binding potency [pIC50 ϭ 7.8 (80%)] in a fluorescence polarization assay 2 H2O was provided for 4 or 7 days prior to the first and 4 days prior to the final measurement of muscle protein fractional synthetic rate (FSR) to sufficiently enrich body water and intracellular pool of nonessential amino acids. Body composition measurements by quantitative nuclear magnetic resonance (qNMR) were longitudinal on days 0, 10, and 28. Data for muscle protein FSR and weights were cross-sectional on days 10 and 28. SARM dose was provided once/day (QD) by oral gavage. SARM, selective androgen receptor modulator; EDL, extensor digitorum longus; IP, intraperitoneal; D20, deuterium oxide.
using an AR ligand-binding domain fusion protein, was used in the present study. The compound is also a potent agonist in a cotransfection assay using full-length human AR in CV-1 cells with a pEC 50 of 9.1 (99% max). GSK212A shows Ͼ100-fold selectivity over glucocorticoid and progesterone receptors and excellent selectivity over a multitude of other targets. GSK212A also has a rat pharmacokinetic profile that makes it suitable for once daily oral administration. The effect of this SARM was investigated in a 28-day castrated male rat [orchiectomized (ORX)] model. Significant atrophy of the prostate and levator ani were induced by ORX. GSK212A dose-dependently restored ORX induced levator ani muscle loss. GSK212A at 1 mg·kg Ϫ1 ·day Ϫ1 and a known SARM, enobosarm, at 3 mg·kg Ϫ1 ·day
Ϫ1
restored the levator ani muscle weight to greater than the level of a sham-operated group. GSK212A produced only a mild increase in prostate weight in the same 1 mg·kg Ϫ1 ·day Ϫ1 group. We have observed differential effects on weights of specific muscles following SARM treatment in the OVX rat model (Turnbull P, unpublished data), with the triceps muscle exhibiting the most robust response.
In the present study, rats were administered either vehicle (HMPCTween) or GSK212A at one of three dose levels (0.1, 0.3, or 1 mg/kg) via oral gavage daily for 10 or 28 days.
Deuterium labeling protocol. 2 H2O was obtained from Sigma. A bolus intraperitoneal injection of 2 H2O saline consisting of two 17.5 ml/kg injections of 100%-2 H2O saline ϳ2 h apart was used to rapidly elevate body water enrichment. Animals were subsequently provided 8% 2 H2O ad libitum daily in drinking water and delivered water bottles via individual cage for the duration of the assigned labeling period. This regimen provided a stable, continuous precursor pool enrichment of body water, which was determined to be 4.7 Ϯ 0.4%, and the individual animal's body water enrichment was used for calculation of its muscle protein FSR.
Body composition. Body composition of the OVX rats was determined 1 day prior to study initiation and again just prior to termination on either day 10 or day 28 of SARM treatment. Lean and fat mass in each animal were measured by quantitative nuclear magnetic resonance (qNMR).
Tissue collection and processing. Skeletal muscles (triceps brachii, EDL, and soleus) were collected immediately following euthanization of the animal. Tissues were harvested into the appropriate-sized collection vial, flash-frozen in liquid nitrogen, and placed in a freezer set to maintain Ϫ60 to Ϫ80°C until analysis.
In-solution digestion of proteins. Tissues were homogenized in M-PER reagent (Thermo), and ϳ80 ug of total protein from muscle homogenate was denatured by the addition of trifluoro ethanol to a final concentration of 50%, and cysteine was reduced with the addition of 15 mM DTT, followed by incubation for 1 h at 60°C. Protein was then alkylated following the addition of iodoacetamide to a final concentration of 30 mM and incubation for 20 min at room temperature in the dark. Samples were then diluted with ammonium bicarbonate (100 mM, pH 8) reducing the trifluoro ethanol concentration to Ͻ5%, and proteins were digested following the addition of trypsin to a 1:50 wt/wt ratio of trypsin-total protein overnight at 37°C.
High pH-HPLC fractionation of peptides. Two-hundred micrograms of protein from muscle homogenates was prepared for trypsin digestion, as described above. Digests were then dried and resuspended in 10 mM ammonium formate, pH 9.6, and peptides were fractionated by high-pH reverse-phase HPLC. To make maximal use of the LC-MS chromatographic space, fractions were then concatenated into eight pooled samples that contained peptides distributed across the high-pH elution time. For example the fractions were concatenated together combining the 1st, 8th, 16th, 24th, 32nd, 40th, and 48th fractions into sample 1 and creating seven more similarly composed samples. These samples were then concentrated down for LC-MS analysis.
CK-M from serum. CK-M was immunoprecipitated from 2 ml of rat serum using 20 g of goat anti-CK-M polyclonal antibody (CalBioreagents) conjugated to 1 mg of epoxy Dynabeads (Invitrogen). Samples were incubated for 60 min at room temperature, and the bound CK-M was eluted in 30% acetonitrile and 0.5% formic acid, pH ϳ2.5, followed by in-solution trypsin digestion for LC-MS analysis.
LC-MS analysis. Trypsin-digested peptides were analyzed on a 6550 QTOF (quadrupole time-of-flight) mass spectrometer with a 1260 Chip Cube nano ESI source (Agilent Technologies, Santa Clara, CA). Peptides were separated using a Polaris HR chip (Agilent, no. G4240-62030) consisting of enrichment and analytical columns packed with a Polaris C18-A stationary phase. Mobile phases were 5% vol/vol acetonitrile and 0.1% formic acid in water and 95% acetonitrile and 0.1% formic acid in water. Peptides were eluted at a 350 nl/min flow rate with an 18-min LC gradient (for immunoprecipiated samples) or a 27-min LC gradient (for gel band samples). Each sample was analyzed once for protein/peptide identification in data-dependent MS/MS mode and once for peptide isotope analysis in MS mode. Acquired MS/MS spectra were extracted and searched using Spectrum Mill Proteomics Workbench software (version B.04.00; Agilent Technologies) and either a rat or human protein database (UniProt.org, release 2013_05). Search results were validated with a global false discovery rate of 1%. A filtered list of peptides was collapsed into a nonredundant peptide formula database containing peptide elemental composition, mass, and retention time. This was used to extract mass isotope abundances (M0 -M3) of each peptide from MS-only acquisition files with Mass Hunter Qualitative Analysis software (version B.05.00; Agilent Technologies). Software was developed at KineMed to calculate peptide elemental composition and curve fit parameters for predicting peptide isotope enrichment (EM0) based on precursor body water enrichment (p) and the number (n) of amino acid C-H positions per peptide actively incorporating hydrogen (H) and deuterium (D) from body water. Subsequent data handling was performed using Microsoft Excel templates, with input of precursor body water enrichment for each subject, to yield FSR data at the protein level. FSR data were filtered to exclude protein measurements with fewer than two peptide isotope measurements per protein. Additional details of FSR calculations and data filtering criteria were described previously (20) .
Statistics. One-way analysis of variance (GraphPad Prism) with post hoc comparisons with the vehicle group was performed for the comparison of ⌬body weight (DBW), ⌬lean mass (DLM), and ⌬fat mass (DLM) as well as tissue weights of triceps, EDL, and soleus among the different groups; differences were considered significant at P Ͻ 0.05. For the dynamic proteomics data, two-way analysis of variance with post hoc Holm-Sidak correction for multiple comparisons (GraphPad Prism) was performed to determine the differences between the groups for several proteins measured simultaneously; differences were considered significant at corrected P Ͻ 0.05. Pearson correlation analysis (GraphPad Prism) was performed to correlate the magnitude of the increase in FSR after 10 days of treatment to the change in lean mass after 28 days of treatment. For the serum samples, Student's t-test was used to compare the vehicle and 1 mg/kg SARM groups, and Pearson correlation analysis was performed to correlate the fractional synthesis of CK-M in the plasma to that measured in the muscle.
RESULTS
Body composition and individual muscle weights following 10 and 28 days of SARM treatment.
To assess the crude anabolic potency of the SARM compound GSK212A, body composition measured by QNMR and the weights of individual muscles were determined following 10 and 28 days of SARM treatment. One day prior to beginning SARM treatment (day 0), all rats were weighed, and their body composition was determined by QNMR. The mean Ϯ SE of body weight (BW) for all study animals (n ϭ 59) on day 0 was 304 Ϯ 2.3 g. The mean Ϯ SE of lean and fat mass for all study animals was 236 Ϯ 1.7 and 34 Ϯ 0.8 g, respectively.
Animals were sorted blocked according to lean mass into one of eight study groups: day 10, day 28, and vehicle or GSK212A treatment at 0.1, 0.3, or 1 mg/kg. Following 10 days with vehicle or GSK212A at 0.1, 0.3, or 1 mg/kg, OVX rats exhibited a dose-dependent increase in DBW and DLM but not DFM (Fig. 2) . A significant (P Յ 0.05) increase in DBW and DLM was observed on day 10 of SARM treatment for the 0.3 and 1 mg/kg dose group (Fig. 2) . On day 28 of SARM treatment, OVX rats treated with vehicle or GSK212A at 0.1, 0.3, or 1 mg/kg exhibited dose-dependent increases in BW and DLM but not DFM. Significant (P Յ 0.05) increases in DBW and DLM were observed for the all three dose groups following 28 days of SARM treatment (Fig. 2) . However, there appears to be a plateau effect by 28 days, with no significant difference in muscle size, DBW, or DLM between the two highest doses of SARM.
At the end of each treatment period, animals in each treatment group were euthanized, and the individual weights of triceps, EDL, and soleus muscles were determined. Following 10 days of treatment with either vehicle or GSK212A at 0.1, 0.3, or 1 mg/kg, there was a general trend of increased triceps, EDL, and soleus weights after GSK212A treatment; however, none of the dose groups in these muscles achieved a significant difference (P Ͻ 0.05) vs. the vehicle control group (Fig. 3, 
A-C).
Following 28 days of treatment with either vehicle or GSK212A at 0.1, 0.3, or 1 mg/kg, a dose-related difference in triceps weight was observed. Triceps weights in the 0.3 and 1 mg/kg but not the 0.1 mg/kg treatment groups were significantly greater than the vehicle controls (Fig. 3A) . Mean EDL and soleus weights trended higher in the SARM treatment groups compared with the corresponding vehicle controls; however, none of the dose groups in these muscles achieved a significant difference (P Ͻ 0.05) vs. the vehicle control group (Fig. 3, B and C) .
Dynamic proteomic response of triceps to SARM treatment. Our objective here was to investigate the effects of anabolic stimulus with a SARM on the rate of protein synthesis in skeletal muscle and, specifically, to identify specific protein biomarkers that predict long-term gains in muscle mass. OVX rats were treated with vehicle or GSK (0.1, 0.3, 1 mg·kg Ϫ1 ·day Ϫ1 ) for either 10 or 28 days and labeled with 2 H 2 O for the last 4 days. LC-MS analysis of tryptic digests of muscle homogenate revealed that 10 days of SARM treatment produced a significant (P Ͻ 0.05, ANOVA, post hoc Holm-Sidak with corrections for multiple comparisons) dose-dependent difference (vs. vehicle) in FSR of several proteins involved in glycolysis as well as other sarcoplasmic proteins, including CK-M and carbonic anhydrase 3 (CA-3) (Fig. 4A and Table 1 ). In a separate study, OVX rats were treated with vehicle or GSK212A (0.1, 0.3, or 1 mg·kg Ϫ1 ·day Ϫ1 ) for 10 days and labeled with 2 H 2 O for the last 7 days, and the proteins from triceps were solubilized in 1% SDS and HPLC fractionated to increase proteome coverage by LC-MS analysis. FSRs of 125 proteins were measured in three to five rats per group belonging to gene ontological clusters of myofibrillar, cytoplasmic, mitochondrial, and extracellular matrix proteins (Table 2) . There was a dose-related difference vs. vehicle (P Ͻ 0.05, ANOVA, post hoc Holm-Sidak with corrections for multiple comparisons) in FSRs of 34 out of 94 proteins measured in all of the animals. The sarcoplasmic proteins such as the glycolytic enzymes CK-M and CA-3 showed increases of similar magnitude after SARM treatment, as observed in the first study. In addition, the FSR of 11 myofibrillar proteins showed a dose-dependent increase after 10 days of SARM treatment ( Fig. 4B and Table 1). 2 H 2 O labeling in the last 4 days of the 28-day SARM treatment did not produce a dose-dependent effect on the FSR Table 1. of most of the in-solution digested proteins (Table 3) . Increase in muscle weights (Fig. 3) , reflecting total protein content in organ, combined with unchanged fractional replacement rates, are indicative of new steady state with higher absolute synthesis rates and no increase in breakdown rates (no coupling) after 28 days of SARM treatment.
Comparison of SARM effects in EDL, soleus, and triceps. The proteome dynamic response of SARM was compared across three different tissues in the OVX rat. Since a doserelated increase in mass was not observed in the EDL or soleus muscles, only the tissues from OVX rats treated with either the vehicle or highest dose of SARM (1 mg/kg 212A) for 10 days, with labeling by 2 H 2 O for the last 7 days, were examined. Proteins from each of the tissues were solubilized in 1% SDS, and tryptic peptides were fractionated further by high pH HPLC followed by LC-MS analysis. There was a significant interaction (P Ͻ 0.001, ANOVA) between the SARM response in the three tissues, with the triceps showing the highest magnitude of difference (vs. vehicle) in FSRs of myofibrillar and cytoplasmic proteins (Fig. 5) , followed by EDL, and with the soleus showing the least change in protein FSR in response to SARM treatment.
FSR of selected proteins correlates with 28-day lean body mass and tricep weight. The high-abundance sarcoplasmic proteins exhibiting both a dose-related and a statistically significant difference from vehicle in FSR were compared with the day 28 dose-related increases in lean mass. The mean magnitude of increase of day 10 FSR values for each protein was compared with the mean day 28 lean mass gains for the corresponding dose group via linear regression. The increases in FSR over vehicle for several sarcoplasmic proteins with known muscle specific isoforms and possible circulating markers, such as CK-M, CA-3, ␤-enolase, pyruvate kinase M1/M2, aldolase-A, and phosphoglycerate mutase 2, were strongly correlated with lean mass gains ( 
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isomerase (r 2 ϭ 0.9235), were highly positively correlated with the day 28 increases in mean triceps weights.
Fractional synthesis of CK-M measured in serum. The FSR of CK-M was measured in serum samples from rats treated with either vehicle or 1 mg/kg of GSK212A for 10 days. We observed difference vs. vehicle in the FSR of serum CK-M (P Ͻ 0.05, t-test), which represents the effect of SARM treatment on multiple muscle tissues. In addition, a correlation (r 2 ϭ 0.6159, P Ͻ 0.03; Fig. 7 ) between the fractional synthesis of CK-M measured in serum and triceps from the same animal was observed. 
DISCUSSION
The major finding of this study was that treatment with a SARM resulted in a dose-dependent, muscle fiber-specific increase in the FSR of a broad array of skeletal muscle proteins that was evident early in treatment and strongly associated with later increases in muscle mass. The proteins showing stimulation of protein FSR included sarcoplasmic, myofibrillar, and mitochondrial proteins. Importantly, the SARM induced greater FSR compared with vehicle control of specific muscle proteins after just 10 days of treatment and was strongly associated with greater muscle size and increased lean body mass after 28 days of treatment. The SARM also stimulated a dose-related increase in body weight and fat-free mass and greater individual triceps weight compared with vehicle following 10 and/or 28 days of treatment. After 28 days, the response is maximal at the 0.3 mg/kg dose and not increased further with 1.0 mg/kg, indicating a plateau in effect. Interestingly, following 10 days of treatment, the gross effects of the SARM on BW, LM, and triceps weights was modest and only significant at the highest-dose group(s). Following 28 days of treatment with the SARM compound, the gross effects on BW, LM, and triceps weight were more robust. These data demonstrate that an increase in muscle FSR measured after only a short period of treatment, when macroscopic phenotypic characteristics such as size and strength may not yet be obvious, may be used to predict long-term effects.
The androgen receptor is a ligand-dependent nuclear transcription factor. In skeletal muscle, activation of the androgen receptor by testosterone results in a distinctly anabolic response characterized by an increase in the rate of protein synthesis, size, and maximal force production. Nonsteroidal SARM molecules such as GSK212A are more selective with reduced androgenic effects while maintaining an anabolic effect on skeletal muscle (13) . Testosterone has been demonstrated to result in a substantial increase in skeletal muscle FSR in men and women. In younger (11) and older men (10) , testosterone resulted in a twofold increase in muscle protein FSR, with no change in muscle protein breakdown after 5 days of treatment. In pre-and postmenopausal women, a short period of testosterone treatment (1.25 g of 1% AndroGel applied daily) resulted in a 45-50% increase in muscle protein FSR, with no change in markers of muscle protein breakdown. Accordingly, we looked for effects of SARM on the FSR of a large number of muscle proteins by use of newly developed techniques for measuring dynamics across the proteomes.
The standard method for assessing the effects of an androgen in rodent skeletal muscle is the Hershberger et al. (14) test, where changes in the weight of levator ani are measured after a specific period of treatment. This model monitors the effects on a tissue that is extremely responsive to androgens and, therefore, may not reflect effects on other skeletal muscles. The In the rat, the soleus is comprised almost entirely of type I fibers, whereas EDL contains ϳ50% type I, and triceps is almost entirely type II fibers. To our knowledge, these are the first published data for a SARM demonstrating a clear muscle fiber-specific effect. Previous studies have demonstrated that testosterone has a greater effect in type II muscle fibers. Androgen deficiency results in a greater decrease in type II compared with type I fibers, and treatment with testosterone induces a larger increase in fiber size in type II fibers (22) . In humans, however, a muscle fiber-specific effect of testosterone is less clear. In young men, 20 wk of testosterone treatment resulted in increased fiber diameter of type I and type II fibers, and cross-sectional area increased in proportion to the increase in circulating testosterone level (18). Fitts et al. (12) also demonstrated that both type I and type II fibers respond to testosterone treatment with increased peak force and crosssectional area in hypogonadal older men. It is likely that the relative unresponsiveness of type I muscle fibers to SARM treatment in the rat reflects a true species difference that may be due to lower levels of androgen receptors compared with human type I muscle fibers.
A broad spectrum of skeletal muscle proteins exhibited a significant increase in FSR following only 10 days of SARM treatment that was evident in all dose groups. For many proteins, the fold increase in FSR in the SARM treatment groups over vehicle control was substantially larger than the 10-day increase in macroscopic phenotypic end points of BW, LM, or triceps weight. In addition, several proteins also exhibited a lower degree of variability, as measured by percent coefficient of variation, in FSR compared with the phenotypic end points measured on day 10. Importantly, the 10-day FSR for many proteins was strongly related to subsequent increases in muscle weight, particularly in the triceps, and lean body mass measured after 28 days of SARM treatment. For example, the FSR for carbonic anhydrase-3 after 10 days of treatment was strongly related to the difference in triceps weight (r 2 ϭ 0.8949, P Ͻ 0.05) and changes in lean body mass (r 2 ϭ 0.9983, P Ͻ 0.001). This relationship was not observed in the soleus, where only a small difference in protein FSR and no significant difference in muscle weight were seen. This differing effect may reflect fiber-specific differences in androgen receptor number. These results suggest that several of the proteins observed in this study could potentially be utilized as early biomarkers of muscle anabolism.
Androgens have been demonstrated to have an effect on multiple pathways that result in muscle hypertrophy. In skeletal muscle, testosterone reduces the expression of proteins associated with protein degradation, as well as enhancing protein synthetic pathways, by increasing phospho-Akt and Notch signaling, decreasing muscle myostatin levels, and enhancing satellite cell differentiation and proliferation (18) . However, the principal metabolic response to androgens and SARM is a stimulation of protein synthetic rate (25, 27) . Evidence for this in the present study was the strong relationship between the rate of synthesis of multiple proteins and the greater muscle weight and difference in total lean mass. In particular, 20 wk of testosterone therapy in healthy eugonadal humans has been demonstrated to result in a dose-dependent increase in muscle mass and strength (4), whereas the increase in muscle protein synthesis occurs very rapidly. Our data suggest that an early change in a protein kinetic measurement, muscle protein FSR, is a powerful biomarker for the anabolic response of muscle to androgen therapy that would otherwise take weeks or months to observe for the macroscopic phenotype. This was particularly true for sarcoplasmic proteins, many of which leak into the circulation (e.g., creatine kinasetype M, carbonic anhydrase-3; Fig. 4 ), providing the potential for sampling these proteins in a blood sample to determine the rate of skeletal muscle protein synthesis (23) .
The ability to measure the FSR of a number of different muscle proteins concurrently has provided novel data on the proteostatic nature of the response to SARM. We examined structural and contractile, glycolytic, sarcoplasmic, and mitochondrial proteins. A somewhat variable response was observed in each of the proteome classes. For example, the higher FSR in contractile and sarcoplasmic protein was greater than that of mitochondrial protein FSR. Compared with vehicle control, the response of contractile proteins typically ranged from a 20 to a 40% difference. The greater synthetic rates of myofibrillar proteins were consistent, and the strong relationship among different myosins, z-line, and other contractile proteins for differences in the rate of synthesis indicates a coordinated response to SARM among different classes of muscle proteins.
Both testosterone treatment and clinical treatment with a SARM in older men and women (6) and patients with cancerassociated muscle wasting resulted in increased strength and functional capacity (7, 26) . These improvements in muscle function likely reflect the dose-dependent increase in contractile proteins. However, the effects of these anabolic therapies on endurance and fatigue are less clear. The effects on mitochondrial FSR were smaller than that seen for myofibrillar and sarcoplasmic proteins. There are conflicting data on the effect of testosterone on muscle mitochondrial biogenesis. Usui et al. (28) demonstrated that in mice, testosterone treatment resulted in an increase in heat production that the authors concluded was derived from elevated mitochondrial biogenesis in skeletal muscle. On the other hand, in hypogonadal men treated with testosterone, Petersson et al. (19) observed no effect on insulin sensitivity or skeletal muscle mRNA levels of genes involved in mitochondrial biogenesis, oxidative phosphorylation, or lipid metabolism. We observed a small but significant increase in muscle mitochondrial protein FSR. The lack of a consistent effect on markers of muscle mitochondrial biogenesis in previous investigations is likely due to the relatively subtle changes for which these studies may have been underpowered to detect.
The data presented in the present study in rodents suggest that improvements in muscle function and lean mass are likely to have resulted from an increase in skeletal muscle FSR and in particular contractile proteins such as myosin and actin. Stair-climbing power resulting from clinical SARM treatment (6, 7) likely resulted from increased strength rather than enhanced endurance. A proteomic approach to examine the wide range of changes in skeletal muscle protein synthesis in response to an anabolic therapy can potentially reveal the cell biological fingerprint of the response. For example, an increase in contractile protein FSR with little change in mitochondrial protein FSR could provide the rationale for therapies to increase muscle strength and physical function that are more dependent on force production. On the other hand, an increase in mitochondrial protein FSR could target therapies intended to enhance muscle endurance rather than force production. In summary, we have demonstrated that dynamic proteomics is an effective tool for directly measuring the effects of a muscle therapeutic treatment (SARM) on skeletal muscle protein FSR in vivo. The ability to discern the FSR for individual proteins rather than global tissue protein turnover provides insight into the response of skeletal muscle proteins to an anabolic treatment that would not otherwise be available. Several metabolic and structural proteins exhibited dose-related increases in FSR that were highly correlated with and predicted the later increases in lean body mass and triceps weights observed following 28 days of SARM treatment.
